Abstract
Introduction
Cancer stem cells (CSCs) are key players in the progression of cancer growth [1] . Present chemotherapy modalities eliminate the bulk of tumour cells, but cannot eliminate a core of these CSCs that have a high capacity for renewal [2] . Identification of these cells is the first step in the development of novel and improved therapeutic modalities [3] .
miRNAs are small non-coding RNAs that are well suited to suppress previously active programs and, thereby, provide robustness to stem cell differentiation and transformation [4] [5] [6] [7] . [8] . Recent studies have demonstrated that the microRNA pathway is essential for controlling self-renewal, differentiation and transformation in normal and CSCs [9] [10] [11] [12] .
Hepatocellular cancer (HCC) is the fifth most common cause of cancer and the third leading cause of cancer death worldwide [13] . Majority of the cases (Ͼ80%) are not curable because they are diagnosed at advanced stages. Progress in the identification of CSCs in solid tumours including those in GI malignancies has prompted the strong belief that HCC is a stem cell disease [14] . Studies have demonstrated that inflammatory cytokine IL-6 alters miRNA expression in human cancer cells [15, 16] [17] . Several microRNAs have been demonstrated to be the key mediators in Twist-regulated tumour metastasis [18] . Real-time PCR assays for mature miRNAs microRNA was isolated as described previously [16] [3, 14, 20] [20] (Fig. 1C and F) . Alkaline phosphatase assays, performed to measure self-renewal within these cells (Fig. 1D) Fig. 2A and B) . (Fig. S1 ).
. Expression analysis of HCC tumours showed marked activation of the IL-6 pathway, suggesting that HCC may develop from IL-6-driven CSCs with disrupted TGF-␤ signalling. Besides IL-6, the basic helix-loop-helix transcription factor Twist, an organizer of the epithelial mesenchymal transition (EMT), is a marker for HCC. Twist has been found to be correlated with metastasis in various cancers including human HCC

However, the specific roles of microRNAs in HCC stem cell (HSC) development and progression, especially characteristic changes during cancer metastasis and chemo-resistance needs to be addressed. We postulated that specific transcriptional factors regulated miRNAs may contribute to tumour spread and chemoresistance by modulating the expression of gene products involved in phenotypic characteristics of CSCs such as cell migration, invasion and response to chemotherapy.
Material and methods
Cell lines and cultures
Human hepatocellular CSCs and parental HCC cells were provided by Celprogen Inc. (San Pedro, CA, USA). Three groups of HSCs were chosen for the studies from seven sets on the basis of self-renewal and real-time polymerase chain reaction (PCR) tests for the specific markers (Fig. 1). The selected group of cells was cultured in Human Liver Cancer Stem Cell Undifferentiated Media to keep the stem cell phenotype (HSC-SR), and in Human Liver Cancer Stem Cell Differentiated Media for 10 passages for differentiated progenitor cell phenotype (HSC-DF
Up-regulation of those genes was also evaluated by reverse transcriptional real-time PCR, which confirmed array data (Fig. 2C). Activated Stat3 was found in HSC cells accompanied by reduced level of TIMP-3. Interestingly, mesenchymal marker N-Cadherin (CDH2) was also overexpressed in HCC stem cells (Fig. 2D). Furthermore, the human liver cancer tissue array showed the signal intensity was strong (ϩϩϩ) or positive (ϩϩ) in 20 of 24 HCC tissues for IL-6 and 17 of 24 HCC tissues for Twist
miRNAs are differentially expressed in human hepatocellular cancer stem cells
We then compared miRNA expression between HCC CSCs and HepG2/N-LSCs. The pattern of miRNA expression in HCC CSCs was markedly different from that of either normal human liver stem cells or the HepG2 HCC cells (Fig. 3A). The expression of a group of miRNA was differentially increased in HSC cells. These include the human let-7 and miR-181 family members, all of which were expressed Ͼ4.0-fold in HSC-SR and HSC-DF CSCs compared with HepG2 HCC cells as well as normal liver stem cells (Fig. 3B). Aberrant expressions of let-7a, let-7b and miR-181a were verified by Northern blot (Fig. 3A) as well as real-time PCR analysis (Fig. 3B). Furthermore, silencing IL-6 and Twist in HSCs significantly reduced let-7a and miR-181a expression respectfully, but not vice versa (Fig. S2), implicated the specific link between IL-6 and let-7, as well as Twist and miR-181 in tumour stem cell behaviour.
Resistance of HSCs cells to standard chemotherapy
HCCs are commonly resistant to treatment because the malignant cells survive chemotherapy [19] . [22] [22, 23] . As shown in Figure 4A- (Fig. 7A and  B) . In vitro assays were used to compare sorted subpopulations from the perspective of differences in cell migration, and invasion ( Fig. 7C and D) . Oct-4 ϩ
. Sorafenib acts by inhibition of the RAF/MEK/ERK pathway and down-regulation of MCL-1, leading to a disruption of survival signals in HCC cells
CD133
ϩ cells were observed to be significantly more migratory towards serum (Fig. 6C) , and significantly more invasive through ECM gel (Fig. 7D) 
miR-181 family members are involved in Twist-dependent effects in HSCs invasion
Twist overexpression has been demonstrated to correlate with hepatocellular carcinoma metastasis through different mechanisms [24, 25] . Twist transcriptionally regulated gene expression through the promoter region containing an E-Box (a promoter element known to be bound by Twist [25, 26] (Fig. 1C) . To verify that SOCS1 and CASP3 targets of translational regulation by let-7 in HSCs, we performed studies using luciferase reporter constructs containing the let-7 recognition sequence (Fig. 9A, top (Fig. 9A, bottom) . (Fig. 6F) . Concomitant with enhanced CASP3 expression, there was a reduction of cell survival ( Fig. 6D and E (Fig. 9B, top) . Transfection with mimics of miR-181a significantly modulated reporter activity in HCC stem cells (Fig. 9B,  bottom) . Next, the studies were repeated with random mutations in the shared recognition sequence, which resulted in abolition of the reporter activation by miR-181a mimics (Fig. 9B,  bottom) . Thereafter, we assessed whether ectopic expression of individual miR-181a and miR-181b sequences induces downregulation of endogenous RASSF1A, TIMP-3 and NLK protein expression. Transfection of HSCs with either miR-181a or miR-181b decreased RASSF1A, TIMP-3 and NLK expressions after 3 days (Fig. 8E) . Meanwhile, transfection with a mimic to [28] [10] . In ES cells, the pluripotency factor Lin-28, a target gene for let-7, acts as a specific inhibitor of let-7 nuclear and cytoplasmic processing [34] [35] [36] [37] . Lin-28 interaction with the Let-7 precursor loop mediates regulated microRNA processing. Within the biogenesis pathway, Dicer was recently shown to be another let-7 target [38] , a mechanism proposed to account for the regulation of more than 1000 proteins upon let-7 overexpression in cancer cells [39] . Therefore [40, 41] , whereas miR-181 expression slowly declines after the specific organ terminal differentiation [41] . Meanwhile [42] , colon tumours [43] and pancreatic cancer [44] . The down-regulation of this miRNA has also been noticed in gliomas [45] and aggressive CLL [46] . Furthermore, the aberrant expression of miR-181b was also seen in patients with NASH [47] and HCCs [20] (Fig. 10) 
Moreover, the increases in SOCS1 and CASP3 expressions occurred after 3 days in cells incubated with anti-let-7a inhibitor
Fig. 8 Regulation of miR-181 expression by Twist in HCC stem cells. (A) The schematic diagrams of miR-181 genes showing the Twist1 binding e-boxes are located in 5Ј-promoter regions of miR-181a-1/miR-181b-1. (B) Real-time PCR confirmed reduced expression of mature miR-181a in HSC-SR and HSC-DF cells in Twist silencing group when compared with expression in their respective controls. (C, D) Total RNAs were isolated using
Discussion
Hepatocellular carcinoma is a complex genetic disease caused by the accumulation of mutations that lead to the dysregulation of gene expression and to uncontrolled cell proliferation
